Hypomagnesemia with secondary hypocalcemia is a rare autosomal-recessive disorder characterized by intense hypomagnesemia associated with hypocalcemia (HSH). Mutations in the TRPM6 gene, encoding the epithelial Mg 2+ channel TRPM6, have been proven to be the molecular cause of this disease. This study identified causal mutations in a 2-month-old male patient of hypomagnesemia from a consanguineous marriage. Biochemical analyses indicated the diagnosis of HSH due to primary gastrointestinal loss of magnesium. Whole exome sequencing of the trio (i.e. proband and both parents) was carried out with mean coverage of > 150×. ANNOVAR was used to annotate functional consequences of genetic variation from exome sequencing data. After variant filtering and annotation, a number of single nucleotide variants (SNVs) and 2 bp deletion at exon26:c.4402_4403delCT in TRPM6 gene were identified. This deletion which resulted in a novel frameshift mutation in exon 26 of this gene was confirmed by Sanger sequencing. With these investigations in hand, the patient was managed with magnesium sulphate. The patient remained asymptomatic and was developmentally and neurologically normal till his last follow up.
Introduction
The second most abundant cellular cation after potassium is magnesium. Physiologic serum concentration of magnesium (Mg 2+ ) in a healthy individual is around 0.75-0.95 mmol/l (1.8-2.3 mg/dl) [1] . Mg 2+ has a crucial role in numerous cellular functions and enzymes, including ion channels, metabolic cycles, and signalling pathways. Mg 2+ homeostasis is kept by renal and intestinal (re)absorption. Predominantly kidney plays important role for Mg 2+ homeostasis. In the glomeruli, approximately one-third of Mg 2+ is ultra-filterable. In the kidney, 80-99% Mg 2+ reabsorption is generally accomplished by paracellular pathway in the proximal tubule and the thick ascending limb of the loop of Henle. The 10-15% reabsorption takes place in the distal convoluted tubule (DCT) by active transcellular pathway and ultimately Mg 2+ excretion is finalized [2] . Low serum Mg 2+ concentration has been reported in different genetic disorders including isolated dominant hypomagnesaemia with hypocalciuria, isolated recessive hypomagnesemia with normocalciuria, familial hypomagnesemia with hypercalciuria/nephrocalcinosis, hypomagnesaemia with secondary hypocalcaemia, autosomal dominant hypoparathyreoidism, Gitelman syndrome and sometimes classic Bartter syndrome [3] . Molecular genetic analyses of patients suffering from Mg 2+ metabolic disorder revealed disruptive mutations in genes including FXYD2, CNNM2, CLDN16 (PCLN1), TRPM6, CASR, SLC12A3, KCNJ1, HNF1B, KCNJ10, CLDN19, SLC12A1, KCNA1 and CLC-NKB [5] . Therefore molecular genetic studies revealed involvement of these genes in Mg 2+ (re)absorption and retention [4] .
Primary hypomagnesemia with secondary hypocalcemia (HSH) is a rare autosomal recessive disease characterized by deficiency of Mg 2+ [5] . The onset is usually seen in early infancy with generalized convulsion, seizures and sometimes headed by muscles cramp and agitation [4] . Prolong and intense hypomagnesemia causes hypoparathyroidism which eventually leads to hypocalcemia in patients [6] . Late diagnosis may lead patients to permanent neurological injury or even sudden death as a result of arrhythmias. The phenotypes can be overcome by augmenting the patient's diet with Mg 2+ . Molecular genetic analysis of HSH provided evidences for involvement of TRPM6 and TRPM7 genes in Mg 2+ transport in the DCT [5] . The TRPM6 gene mutations have been reported as underlying genetic defect in patients with HSH [7] . TRPM6 and TRPM7 proteins are close members of the TRP superfamily of ion channels with ion channel and protein kinase activities and have been shown to play important roles in magnesium homeostasis. TRPM6 and TRPM7 are highly permeable to magnesium [7] . In contrast to TRPM7, the expression pattern of TRPM6 seems to be more confined, with expression mainly along the gastrointestinal tract as well as in kidney predominantly in the distal convoluted tubule (DCT) [8] . The Mg 2+ -enriched diet could not compensate for either embryonic lethality or hypomagnesemia caused by TRPM6 deficiency [9] . Dietary Mg 2+ restriction promoted a compensatory increase in Mg 2+ absorption and reabsorption by enhancing TRPM6 expression in intestine and kidney [10] .
Here we present the molecular pathology of a patient of HSH by whole exome sequencing and Sanger sequencing which resulted in the identification of a novel frameshift mutation in the TRPM6 gene.
Case study
A 2-month-old male infant, 7th product of consanguineous marriage, home delivered via spontaneous vaginal delivery at term, partially vaccinated, was referred from Sukkur, Pakistan to Civil hospital, Karachi, Pakistan with complain of uncontrollable generalized tonic clonic fits off and on since 1 month of age. Fits were not associated with fever, altered level of consciousness, any focal deficits or any other associated complains. The patient was developmentally appropriate for age. Past history was significant for inappropriate startle response starting at the 15th day of life. He had a significant family history of early sibling death at the age of 2 months with history of similar kind of convulsions.
On examination, the infant weighed 4 kg. He was vitally stable with BP below 90th centile and all anthropometric measurements lying below 10th centile for age. He had no other significant neurological or physical findings except for brisk reflexes bilaterally in both upper and lower limbs.
On investigating the patient, the serum calcium and magnesium levels were markedly low [serum calcium = 4.5 mg/ dl (normal range 9-11 mg/dl) and magnesium = 0.4 (normal range 1.8-3.6 mg/dl)]. Rest of the markers including urea, creatinine and electrolytes (including phosphate), complete blood count, random blood sugar, serum alkaline phosphatase, serum albumin, blood gases and ECG were within the normal range. The patient was investigated further and serum para-thyroid hormone (PTH) level was also turned out to be normal (32 pg/ml; normal range 10-65 pg/ ml). 24 h urinary electrolytes were also within normal range. Ultrasound KUB showed no element of nephrocalcinosis. Calcium creatinine ratio was calculated that was 0.16 (normal) and fractional excretion of magnesium was 0.8% (< 4% = renal conservation and > 4% = renal wasting). Therefore, on the basis of history and clinical investigations, a strong clinical diagnosis of hereditary hypomagnesemia due to primary gastrointestinal loss of magnesium (i.e. familial hypomagnesemia with secondary hypocalcemia) was made.
With these investigations in hand, the patient was managed with I/V calcium gluconate initially at 1 ml/kg/dose early 6 hourly that was later increased to 2 ml/kg/dose and I/V magnesium sulphate initially at 25 mg/kg/dose 6 hourly that was later increased up to 50 mg/kg/dose 6 hourly. Repeated serum calcium and magnesium levels showed improvement and fits of the patient were eventually controlled. The patient was discharged on oral calcium and magnesium supplements. On discharge, his serum calcium and magnesium levels were 9.2 and 1.6 mg/dl, respectively. Consistent with the observation reported by Lainez et al. [4] , serum Mg 2+ levels never normalised for this child even with aggressive management.
The patient was followed regularly till 5 months of age. He was admitted once again at 3.5 months of age with fits as they had discontinued calcium and magnesium supplements for 2 weeks duration. Otherwise the patient remained asymptomatic and was developmentally and neurologically normal till his last follow up.
Whole exome sequencing Blood samples of the HSH patient and his parents were obtained in Civil hospital, Karachi, Pakistan after obtaining informed consent. The genomic DNA was extracted from the blood by CTAB method [11] . The purified genomic DNA samples of HSH patient and his parents were subjected to exome sequencing (trio exome sequencing). The whole exome sequencing was performed using SureSelect Human All Exon V6 (Agilent Inc., USA) and the Complete Genomics sequencing platform (http:// www.compl etege nomic s.com/). Bioinformatics analysis of exome sequence data was carried out by GATK (https :// softw are.broad insti tute.org/gatk/), Samtools [12] , Annovar 1 3 and wAnnovar [13] and Phenolyzer [14] (Fig. 1; Table 1 ). Sequence data were aligned to the human reference genome (NCBI37/hg19). PCR amplification followed by Sanger sequencing of exon 26 of TRPM6 gene was carried out.
Bioinformatic analysis of exome sequencing data (i.e. proband and parents) compiled lists of heterozygous, homozygous and de novo SNVs and indels (Supplementary Tables 1 and 2 (Fig. 2) . TRPM6 gene was present in both the lists. When VCF files of proband and parents were compared and analysed in the light of Variant Effect Predictor (VEP) scores and VarElect tool (http://varel ect.genec ards.org), we could trim down the list of candidate genes to 11 ( Table 2) . Subsequent evaluation of the mutations in these genes by pointed out TRPM6 as the causal gene.
Several known synonymous SNVs were found in TRPM6 gene (eg. dbSNP id rs11144089). These SNVs had low impact on structure-function of TRPM6 as predicted by VEP (https ://www.ensem bl.org/vep). A novel 2 bp deletion (exon26:c.4402_4403delCT) was identified in proband which resulted in frame shift mutation in exon 26 of TRPM6 gene. This deletion in TRPM6 gene which was not found in 'Genome Aggregation Database' (genomAD data set) was confirmed by Sanger sequencing (Fig. 3) . The genomAD The input data included all SNVs and indels in patient generated by exome sequencing Fig. 3 Electrophorogram generated by Sanger sequencing shown here confirmed the deletion of two bp at exon26:c.4402_4403delCT (HGSV nomenclature) in the coding strand of genomic DNA of TRPM6 gene of patient dataset contains 123,136 exome sequences and 15,496 whole genome sequences from unrelated individuals sequenced as part of several disease-specific and population genetic studies (including 1000 genome project data set). The trio analysis showed that the frame shift mutation was heterozygous in parents and homozygous in the proband. The high impact (according to VEP) frame shift mutation was found to be in the carboxy terminal cytoplasmic domain in between TRP box and kinase domain. Therefore, we predicted that this mutation would result in disruption of TRPM6 and TRPM7 complex formation.
Discussion
Whole exome sequencing has significantly assisted the identification of mutations causing genetic disorders [15] . This technology has the potential to implicate novel gene variations. The purpose of this study was to search for causal mutations in a patient diagnosed with HSH from a consanguineous marriage. Trio whole exome sequencing and Sanger sequencing identified a homozygous novel frame shift variant in TRPM6 gene in the proband. Exome sequencing of family pedigrees (trio analysis) offers a powerful method for the characterization of transmitted alleles and/or de novo mutations that may confer predisposition to disease. The "trio" analysis leverages the family relationship to accurate variant calling and identify high-confidence de novo mutations. Trio analysis classifies the inheritance patterns of genetic mutations to identify SNVs and indels. Among several candidate genes with SNVs and indels, we identified a novel 2 bp deletion in proband which resulted in frame shift mutation in TRPM6 gene of this HSH patient. Trio exome sequence analysis and the reported clinical data supported the notion that the 2 bp deletion would be responsible for this rare autosomal recessive disorder. Several frame shift mutations in TRPM6 gene have been characterized in hypomagnesemia patients (Table 3) . Schlingmann et al. [16] reported 23 different mutations in TRPM6 gene among a cohort of 21 families with 28 affected individuals. Nine of these were frame shift mutations in exons 6, 11, 16, 17, 21, 22, 23 and 25-27 . It is interesting that two patients of Pakistani ancestry with consanguinity in this cohort had homozygous deletion of exons 25-27. Likewise a patient from India (with consanguinity) had deletion of exons 22-23. These deletions would lead to frame shifts and consequently a preterm stop codon. Zhao et al. [17] reported a novel heterozygous frame shift mutation (c.1196delC) in two Chinese sisters with HSH.
Mutations in an array of genes have been identified in hypomagnesemia patients. A mutation in the EGF gene encoding pro-EGF was reported, which was responsible for a rare form of renal magnesium (Mg 2+ ) wasting in isolated recessive hypomagnesemia [18] . We identified a known frame shift mutation (dbSNP id rs79786166) in the present study. Mutations in KCNJ10 gene, which codes for Kir4.1, and mutations in FYXD2 gene, which codes for the γ-subunit of Na + -K + -ATPase have been linked with hypomagnesemia [19] . Mutations in the transcription factor hepatocyte nuclear factor (HNF1B) gene, which regulates the transcription of FXYD2 caused a similar phenotype [20] . The CLDN16 gene has also been associated with renal hypomagnesemia. It has been proposed that claudin-16 (encoded by CLDN16 gene) is involved in controlling magnesium and calcium permeability of the paracellular pathway in the cTAL [6, 21] . Several known intronic mutations in HNF1B and CLDN16 genes were found in our patient. Moreover, mutations in the DCT-expressed cyclin M2 (CNNM2) gene have been linked with hypomagnesemia [22, 23] .
Known moderate and low-impact SNVs were found in genes encoding Solute Carrier Family proteins (i.e. SLC6A2, SLC26A1, SLC44A4) ( Table 2 ). These variants appear to be benign, but we could not completely exclude the possibilities of their contribution to hypomagnesemia in the patient.
In conclusion, among several candidate genes, present trio exome sequencing study identified a novel homozygous frame shift mutation in TRPM6 gene of HSH patient. However, it should be noted that exome sequencing does not cover large genomic rearrangement such as copy number variations (CNVs).
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